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ABSTRACT
A novel chemosensor for the detection of inorganic phosphate (Pi) in environmental water
samples is outlined. The sensing solution is comprised of a luminescent lanthanide, terbium (Tb3+),
chelated to ethylenediaminetetraacetic acid (EDTA) acid in solution with cetyltrimethylammonium
bromide (CTAB)- capped gold nanoparticles (AuNPs). The Tb-EDTA and AuNPs undergo a Fluorescence
resonance energy transfer (FRET) mechanism in which the Tb3+ luminescence is quenched. Upon the
addition of inorganic phosphate (Pi), the AuNPs begin to aggregate and precipitate out of solution. The
aggregation of AuNPs results in the restoration of the Tb-EDTA signal which can then be correlated to Pi
concentration in the matrix of analysis. The developed sensor has the potential for on-site monitoring of
Pi in environmental waters at the sampling location; this would be advantageous for the prevention and
understanding of eutrophication events caused by anthropogenic release of nutrients such as Pi. The
limit of detection (LOD) of the luminescence sensor (83 ppb-Pi) is within the range of LODs previously
reported for on-site monitoring of Pi. Quantitative analysis carried out via the multiple standard
additions method provided accurate determination of Pi concentrations in heavily contaminated
environmental waters. Additional studies include the synthesis of an organic antenna for the
sensitization of the lanthanide ion and further improvement of detection levels.
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CHAPTER 1: INTRODUCTION

Relevance
Inorganic phosphate (Pi), also known as orthophosphate, is an essential nutrient for plant
growth and is therefore commonly used in fertilizers. As plants uptake Pi from soils, it is necessary to
replace the Pi with fertilizers to maintain soil quality and continued plant growth. The vast majority of
produced materials containing phosphate are fertilizers; in fact, as the world-wide human population
increases the annual demand for phosphorus increases two-fold in order to aid in food growth [1]. In
addition to its use in agriculture, Pi is used in water treatment to inhibit pipe corrosion which reduces
dissolved lead and copper [2,3] from piping.
While most Pi binds tightly to soils, it will leach into aquatic systems as agricultural run-off over
time. This is especially detrimental to closed freshwater bodies where increased Pi concentrations result
in algal blooms [4-7]. Pi and nitrogen have been well established as the limiting factors in photosynthetic
growth in both fresh and marine bodies of water [8] and are therefore directly linked to algae outbreaks.
Aside from the fact that algae blooms are often toxic, they result in a process known as eutrophication
in which dissolved oxygen is stripped from the water as plant matter is broken down rendering it unable
to support aquatic life. However, not all Pi present in water bodies is due to agricultural runoff. A
significant amount of Pi is stored naturally in sediment beds of lakes and rivers; from there its release
into the water column is dependent on several factors. For example, under aerobic conditions, Pi in the
sediment is retained by iron and manganese oxyhydroxides [9,10]. Under anaerobic conditions, the
oxyhydroxides are reduced and dissolve causing them to release their sorbed Pi [10,11]. Aerobic and
anaerobic conditions can be correlated to seasonal changes making it more likely for these outbreaks to
occur during hot months when less oxygen is dissolved in the water column [11]. Additionally, shallow
bodies of water such as lakes with a shorter water column and less temperature variances are much
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more prone to fluctuations in water chemistry that influence Pi release. While the release of Pi stored in
sediment beds is not enough to cause eutrophication events independently, it can influence the severity
of such events [12]. The release of additional Pi stored in soils occurs in conjunction with anthropogenic
Pi input since eutrophication results in anaerobic water conditions.
Eutrophication events and the economic and human health impacts associated with them have
been met with public outcry. The algal blooms and fish kills witnessed along Florida’s Treasure Coast in
the summer of 2016 are widely regarded as a direct result of the redirection of nutrient-rich agricultural
water from Lake Okeechobee into the Banana River [13]. The algal blooms were so severe that beaches
were closed due to public health concerns dealing a devastating blow to the Florida economy. On May
30th 2017, local groups in Front Royal, VA filed a lawsuit against the Environmental Protection Agency
(EPA) claiming it failed to fulfill its duty under the Clean Water Act (CWA) when it did not list the
Shenandoah River on the state’s list of quality-impaired rivers and streams [14]. Nearby agricultural land
use has caused excessive nutrients to be released into the river. Currently, the river fails to meet the
state’s water quality requirements for recreational activities.
Due to the nature of Pi’s gradual release from soils and sediments, it is inherently difficult to
predict such eutrophication events by correlating them to times of fertilization. Constant monitoring of
water bodies prone to high levels of Pi is therefore needed to predict and prevent eutrophication.
Although many analytical methods are capable of detecting Pi at concentrations well below that which
would herald an algae outbreak, most approaches are bound to the laboratory; this means it could take
days or even weeks to receive laboratory results regarding Pi levels depending on the remoteness of the
location. This dissertation presents a potential solution for the problem at hand as it proposes a direct
method for the on-site determination of Pi in water samples.

2

The term Pi refers to orthophosphate which is a general term for all forms of the triprotic
phosphoric acid. As shown in Figure 1, the predominant form of Pi depends on the pH of the aqueous
solution. The EPA expresses Pi as parts-per-million (ppm; g.mL-1 ) or parts-per-billion (ppb; ng.mL-1 ) of
phosphorus (MW= 30.974g/mol). While many literature reports express Pi concentrations in terms of
molarity (M or mol.L-1 ), all Pi concentrations in this dissertation will be expressed as ppm or ppb using
the molar mass of the Pi anion (MW= 94.971g/mol).

Figure 1. This image was adapted from
https://en.wikipedia.org/wiki/Phosphate#/media/File:Phosphoric_acid_speciation.png
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Current Methods of Phosphate Detection
Perhaps the most common and time-honored method of Pi detection in aqueous solution is the
phosphoantimonylmolybdenum blue (PAMB) method which was first reported by Murphy and Riley in
1962 [15]. This calorimetric technique involves the complexation of Pi with ammonium molybdate
under acidic conditions to form a heteropolyacid. The resulting phosphomolybdic acid (PMA) forms an
intensely blue compound that absorbs in the ultraviolet region upon reduction with ascorbic acid; the
addition of antimony potassium tartrate increases the rate of the reduction step and forms a
phosphoantimonylmolybdenum blue (PAMB) complex. Barium, lead, and silver can form Pi precipitates
resulting in overall signal reduction while silicate and arsenate also form blue complexes causing a
positive interference. Acidic conditions are necessary for complex formation to occur; organic Pi esters
are easily hydrolyzed in acidic conditions meaning they too will be included in the measurement.
Another drawback to this method involves the need for liquid reagent addition at the time of analysis
due to the short lifetime and low stability of the reaction solution creating the need for them to be
made fresh shortly before analysis. Efforts to improve the sensitivity and portability of this method have
been met with some success. An obvious way of improving sensitivity would be to add a
preconcentration step prior to analysis. Kaur et al filtered water samples through membranes coated
exobiopolymer-based membranes (EBP) with high phosphate binding capacities. The retained
phosphate could then be dissolved in acidic media and then complexed to form PAMB [16]. Gissawong
et al used layered double hydroxides (LDH) as a sorbent to enrich phosphate. The sorbent was separated
by centrifugation and the precipitate dissolved in sulfuric acid before analysis yielding a limit of
detection (LOD) of 5ppb [17]. Extraction methods have also been used to concentrate the PAMB
complex after its formation rather than the Pi anion. An HPLC octadecylsilane (ODS) column was used
by Asaoka et al to concentrate the PAMB complex which was later eluted with an organic solvent and
detected by UV-vis [18]. A solid phase extraction (SPE) technique proposed by Zaporozhets et al [19]
used quaternary ammonium salts immobilized in silica gel to retain and concentrate the PAMB complex
4

prior to solid-phase-spectrophotometric determination. In doing so they achieved a LOD of 5.84ppb and
a LDR of up to 381ppb. Micelle mediated extraction of the PMB complex with TritonX114, a nonionic
surfactant was reported by Afkhami et al [20]. Their proposed process involves two-phase separation
via centrifugation followed by decanting the aqueous layer. The remaining micelle solution containing
the extracted phosphate was then dissolved in ethanol prior to calorimetric analysis. They report 100%
extraction of PMB complex using a 0.12%v/v solution of TritonX114 and a LOD of 1.54ppb. Ion pairing
methods with colored and fluorescent dyes have also achieved significant decreases in limits of
detection using the PAMB method. Motomizu et al [21] were the first to suggest this method in 1995 by
pairing the PAMB complex with cationic dye Malachite Green (MG). The colored ion associate was then
filtered through a cellulose nitrate filter with a pore size of 1.m; the filter is then dissolved along with
the analyte and the absorbance measured at 627nm. This method achieved a LOD of 0.189ppb and was
linear up to 59.9ppb. Arsenic caused a large positive interference for this method because it forms
molybdoarsenate which also forms an ion pair with MG. Sabarudin et al [22] used a similar method to
detect ultra-trace levels of Pi in ultrapurified water samples. To do this, they evaporated 40mLs of
ultrapurified water down to 5mLs under nitrogen in a clean room to concentrate the Pi before forming
the PAMB complex. They then formed the ion associate with MG and filtered it through a membrane
filter as before. Finally, they analyzed the absorbance of the dissolved filter via flow injection and
spectrophotometric detection. While a LOD of 0.019ppt was achieved, this method suffers from very
long analysis times as well as the need for a clean room, nitrogen gas, and large samples volumes.
Additionally, they did not report any studies on potential interferences since the analysis was done on
ultrapurified water. Motomizu et al [23] formed an ion pair with molybdophosphate and the fluorescent
dye rhodamine B for the detection of Pi in seawater samples. They employed a flow injection system to
monitor the quenching of the cationic dye rhodamine B upon ion pair formation; in doing so they were
able to achieve an LDR of 0.95-293ppb Pi. However, because sodium chloride (NaCl) causes a positive
5

interference at concentrations above 0.12M and seawater has an average NaCl concentration of 0.6M it
is necessary to dilute the samples by a factor of 5 prior to analysis. Anionic surfactants and perchlorate
ion (ClO4 -) were also found to cause interferences at the ppb level.
Improvements in portability generally come at the expense of sensitivity and detection limits. An
entirely portable lab-on-a-chip device based solely on the PAMB method of detection for Pi was recently
fabricated by Duffy et al [24] in the form of a 3-D printed centrifugal microfluidic system. Drawbacks
include the need for the addition of liquid reagents as well as an increased LOD due to a decreased path
length. However, the sensitivity of this method could be improved if compared with a preconcentration
step. Electrochemical methods paired with PAMB have seen great improvements in sensitivity and hold
promise for portable and on-site detection of Pi. Detection limits in the ppb range have been achieved
using amperometry as reported by Jonica et al [25]. They used the anodic oxidation of molybdenum to
molybdate to avoid the need for the addition of liquid sulfuric acid and sodium molybdate. Talarico et al
achieved similar detection limits by functionalizing a screen-printed electrode with carbon black
nanoparticles (CBNPs) and measuring the difference in current generated by the molybdate complex in
the absence and presence of Pi [26]. The carbon black nanoparticles were found to cause significant
signal enhancements due to their electrochemical properties; additionally, they create defect sites on
the surface of the electrode that aid in Pi interactions with the electrode. Cobalt has been reported as a
Pi ion selective material [27,28] and has therefore found use in the functionalization of microelectrode
surfaces. Bai et al electrodeposited cobalt microchips onto an electrode surface and achieved a LOD of
950ppb with good selectivity. Bai also developed a three-electrode-system in the channel of a
microfluidic chip [29]. The arrangement of working and counter electrodes in an interdigitated array
allowed for significant improvements in current density and sensitivity of Pi detection allowing for a LOD
of 51.3ppb. An ion selective electrode fabricated from molybdate was introduced by Li et al for the
determination of HPO4 2- with a LOD of 180ppb. However, they report a super-Nerst response from
6

hydroxide and stated the need for its removal for the electrode to work accurately [30]. Abbas et al used
a copper monoamino-phthalocyanine functionalized acrylate polymer-based (CuMAPc) ion selective
electrode to determine HPO4 2- in water samples at an optimized pH of 8 [31]. The excellent selectivity of
this electrode is attributed to Pi’s preferential coordination to Cu within the electrode’s ionophoric
coating and report a detection limit of 0.01ppb. The vanadomolybdophosphate (VM) method is very
similar to the PAMB method but suffers from more interferences and decreased sensitivity in
comparison to the PAMB method. Despite this, Neves et al saw its potential for portable phosphate
detection because it was a single reagent solution with a longer shelf life than that of PAMB. To improve
the method’s sensitivity, they employed a liquid wavelength capillary cell with a longer pathlength
coupled with a contactless conductivity detector (CCD). A CCD measures the differences in conductivity
between the background electrolytes and analyte bands and can simply be fastened around the
nonconducting material of the capillary. Using this method they were able to achieve a LOD of 52ppb
[32]. Despite these improvements this method still suffered from interferences from silicate due to its
similar charge/size ratio therefore elution time.
ICP-MS has achieved the lowest detection limits for Pi to date as a stand-alone method. As early
as 1981 Morita et al paired ICP with an anion exchange LC column and achieved a detection limit of 0.5
ppb for Pi but did not acknowledge silicon’s known interferences [33]. Pi’s relatively high ionization
energy of 10.49eV [34] requires extremely hot plasma temperatures which cause high background
readings. Yang et al were the first to directly detect Pi by ICP-MS paired with ion exclusion
chromatography (IEC) in seawater and obtain results competitive with that of PAMB paired with
preconcentration steps. However, silicon was still found to cause interferences due to its similar
retention time and m/z peak. Guo et al report a LOD of 0.7ppb by coupling ICP-MS with ion
chromatography (IC) and optimizing parameters such a carrier gas flow rate, injection volume, and radio
frequency [35]. However, this method was still prone to isobaric interferences in the plasma from
7

nitrogen and oxygen containing ions. In 2014, Yang again reported a method pairing IEC and sector field
(SF) ICP-MS, this time to detect phosphate and silicate simultaneously [36]. Medium resolution was used
to better separate silicon and Pi chromatographically so there were no longer interferences between the
two. Additionally, one point standard gravimetric addition and internal standardization was employed to
improve the accuracy of the calculated Pi concentration. ICP-MS offers many advantages over traditional
detection methods; it boasts low detection limits, large dynamic ranges, short analysis times, and does
not require any sample pretreatment. On the other hand, ICP-MS has not yet been made portable and is
therefore a laboratory bound method making on-site determination of phosphate not possible with this
method. Hashimoto et al [37] were the first to suggest gas chromatography (GC) with a flame
photometric detector (FPD) to quantify Pi in a water sample after reduction with sodium borohydride
(NaBH4 ) to form phosphine gas. To do this, a phosphate sample solution was mixed with 6% NaBH 4 and
4% sodium hydroxide (NaOH) which is used to stabilize the NaBH 4 while the samples are dried at 40oC
under an infrared lamp. The samples were then heated at 460 oC to form gaseous phosphine which was
then quantified and used to determine Pi. This method reports a detection limit of 0.307ppb but has
several obvious drawbacks including the need for large energy input and the fact that phosphine is a
neurotoxin.

Phosphate Chemosensors
Fluorescent chemical sensors are garnering increased attention and recognition for their
potential for real-time environmental monitoring due to their simplicity of operation, low cost, and high
sensitivity in comparison to other analytical techniques [38,39]. In the past few years, several Pi
fluorescent sensors have been introduced with promise for in-field applications. Most of these
applications involve the use of a displacement or aggregation mechanism using quantum dots (QD),
organic ligands, metal organic frameworks (MOF), luminescent lanthanides, or a combination thereof. A
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study by Song [40] et al uses type II core shell Mn:ZnTe/ZnSe QDs with photoluminescent (PL)
properties. Treating the QDs with magnesium results in an increase in PL intensity while also increasing
the QDs affinity for Pi via electrostatic attraction. Pi on the surface of the QDs acts as a bridge between
other QDs in proximity causing them to aggregate which effectively quenches their signal. An LOD of
18.9ppb was obtained using this method which is competitive with other portable methods of Pi
detection. Graphene quantum dots with an emission wavelength of 407nm were found to be effectively
quenched by the addition of the luminescent lanthanide europium (Eu(III)) [41]. Zhou et al proposed an
aggregation mechanism in which the carboxylate groups on the graphene QD surface are bridged
together upon electrostatic interaction with Eu(III). Addition of Pi then reverses the aggregation causing
the restoration of QD fluorescence due to Eu(III)’s higher affinity to Pi’s oxygen donors. They report a
LOD of 9.49ppb using this method and did not report any significant interferences caused by common
anions. Xiao et al [42] synthesized molybdenum oxide (MoOx) QDs and applied them to Pi sensing in lake
water samples. Eu was found to quench the QDs via aggregation and Pi was found to restore the
photoluminescence via a displacement mechanism similar to that described by Zhou et al. Using the
MoOx QDs they report a comparable LOD of 5.31ppb. They did not test for interferences from anionic
species but note that the sensing system was unaffected by commonly found cations. Similar selectivity
and sensitivity in Pi sensing has been achieved by integrating MOFs into chemosensors. Zhao et al [43]
quenched zinc oxide (ZnO) QDs with MOFs via electron transfer. The MOFs were found to orient
themselves around the QDs in an organized flower-like structure. Addition of Pi disrupted the MOF-QD
interaction and restored luminescence. They attribute the increase in fluorescence to the QDs being
released as Pi caused the MOFs to aggregate and collapse. They confirmed Pi’s ability to damage the
MOFS via XRD and SEM images. They report minor interferences by some cations and anions but overall
selectivity for Pi as well as a LOD of 5.03ppb. MOF synthesis can be very time consuming and arduous
making sensing techniques in which they are destroyed less attractive. Xu et al [44] propose a recyclable
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luminescent probe involving a MOF made of benezenetribenzoate (BTB) coordinated to Eu(III) in
crystalline form that forms a water-stable suspension. The luminescence intensity of the Eu-MOF
gradually decreases with increasing Pi concentration; they report a LOD of 95ppb for this process.
Furthermore, the crystalline Eu-MOF could be washed with water to regenerate fluorescence and
reused as a sensor up to five times without any loss in sensitivity making this the first reported
regenerable MOF-based luminescent probe. Song et al [45] used Eu(III) infinite coordination polymer
(ICP) nanospheres (NS) with 1,4-benzenedicarboxylic acid as organic linkers between Eu(III) atoms to
detect Pi via a quenching of the ICP-NS fluorescent signal. They suggest a sensing mechanism in which Pi
incorporates itself into the ICP causing a decrease in fluorescence. They report a LOD of 79ppb and no
significant interferences for common anions at concentrations 5x greater than that of Pi for this method.
Cao et al [46] used Eu(III) to quench fluorescent copper nanoclusters (Cu-NCs) stabilized by tannic acid
via aggregation. Pi re-dispersed the Cu-NCs restoring fluorescence with a LOD of 0.91ppb. They report
interferences from Fe and Al but were able to mask these with mercaptosuccinic acid. Organic and dye
sensors have also been used to detect Pi; they exhibit good selectivity and robustness in a wide pH
range but are generally not as sensitive as previously mentioned methods. Saeed et al introduced a Pi
sensor in 2010 based on fluorescent indicator displacement assay (FIDA) with fluorescent dye Eosine Y
[47]. The dye would bind to a copper complex that would quench the dye’s fluorescence. Addition of Pi
would displace the dye causing its fluorescence to be restored. While good Pi selectivity was found for
this method, its limit of detection was not competitive with known methods. Sequential chemosensors
have also been investigated for their Pi detection capabilities and have the advantage of multi-elemental
detection [48,49]. However, if Pi is the only analyte of interest, this feature becomes drawback as it
requires the addition of more liquid reagents prior to Pi detection. An organic sensor developed by Liu
et al chelates with tin (IV) resulting in a sharp increase in fluorescence; subsequent addition of Pi
quenched the signal. This process could be reversed by sequential addition of tin and Pi up to six times
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before efficiency was lost. A quinoline sensor soluble in 1:1 methanol and water worked similarly but
instead used cadmium or zinc for fluorescent enhancement prior to quenching by Pi. A drawback is that
this sensor did not display a linear response to Pi addition making accurate quantification a challenge.

Terbium-based Sensors
Our approach to Pi detection takes advantage of the luminescence properties of lanthanide
ions, particularly Terbium (Tb3+). Lanthanide ions are essentially spherical, and their 4f orbitals may be
partially filled [50]. The 4f orbitals are, for the most part, not available for chemical bonding and are
sufficiently shielded from the environment by the outer core 5s and 5p electrons. Therefore,
stabilization due to crystal field effects is rarely more than a few hundred cm-1 [50]. Tb3+ possess a
large ionic radius (0.938 Å) meaning that the charge-to-radius ratio (ionic potential) is relatively low
which results in a very low polarizing ability. This, naturally, is reflected in the predominantly ionic
character in the metal-ligand bonds. A second major effect of the large ionic radii is to affect the
coordination number of the lanthanide complexes. These two factors finally result in complexes
which generally have coordination numbers in excess of six. In fact, the most common coordination
numbers of lanthanides are eight and nine [50].
The majority of transition metal ions absorb light in the ultraviolet-visible range of the
electromagnetic spectrum [51]. A strong coupling of their d-electron excited states with the
environment via the ligand field offers an efficient de-excitation mechanism, therefore only a few
electrons can return to the ground state through photon emission [51]. Conversely, all of the trivalent
lanthanide ions above lanthanum are known to luminesce. The most important difference from other
transition metals is that lanthanide’s excited states involve promotion of one of the 4f electrons, and
these electrons are shielded by the presence of electrons in the 5th and, for several, the 6th shell as
well [51].
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The energy of the 4fn configuration of a lanthanide ion is a result of the interelectronic
repulsion, spin-orbit coupling, and the coordinating environment (ligand field) [51]. Electronic
transitions between 4f levels are forbidden by the Laporte rule because they involve no change in
parity. Nevertheless, strong spin-orbit interaction and interaction of the ligand field causes mixing of
the electronic states make these transitions possible, with commonly weak molar extinction
coefficients [51].
Figure 2 shows the energy level diagram for Tb3+ which has energy gaps that allow emission in
the visible region of the spectrum [52]. Its emission pattern reflects the probability of the various
transitions. The lowest lying level of the first excited-term multiplet of Tb3+ is 5 D4 . Transitions between
the 5 D4 and the 7 F6 , 7F5, 7F4, and 7 F3 levels usually give rise to four emission bands in the 450-650 nm
spectral region [52].

Figure 2. The lower energy levels of Tb 3+.

Contaminated water samples exhibit short-lived fluorescence emission from background
fluorophores compared to the long luminescence lifetime that may be observed from Tb3+. Its long-lived
emission allows the use of time-resolved techniques in which measurement of emission is started after
an initial delay (Figure 3). During this delay time, all the background fluorescence and light scattering
12

dissipate [51,52]. The luminescence decay is distinctly reproducible; therefore, the measured emission
intensity over the integration time (tg) is directly proportional to the concentration of lanthanide.
Technically, any luminescent molecule possessing an appropriately long phosphorescent lifetime could
be used for this purpose. Nevertheless, deoxygenated solutions and low temperatures are usually
required to observe the long-lived phosphorescence emission. On the contrary, the long-lived
luminescence of lanthanides can be observed in the presence of oxygen at room temperature [52,53].

Cycle
Figure 3. Representation of a cycle of plused-source time-resolved spectrofluorimeter. Source pulse (A); short-lived
fluorescence emission (B); long-lived luminescence emission (C); td, delay time; tg, gate time.

Other characteristics that encourage the use of lanthanides to analyze water samples with
fluorescence background include the lanthanide’s emission bands which are predominantly narrow and
hardly shift upon environmental changes. In addition, because large Stokes shifts are observed in the
luminescence of lanthanides, spectral overlap between its emission bands with absorption bands from
other components of the sample is unlikely [52].
Terbium-based sensors have been applied for the detection of several compounds of interest.
Gaseous ethylenediamine (EN) has been detected via a Tb3+-acetylacetone complex encapsulated in
cavities of Y-type zeolites [54]. Upon contact with EN vapors, a sharp increase in luminescent intensity
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was observed; the response was dramatic enough to be seen by the naked eye allowing for a hand-held,
qualitative, on-site test procedure. A similar response was observed with several other commonly used
solvents meaning this method was not selective. A fluorescent probe utilizing bovine serum albumincapped gold nanoclusters (BSA-AuNCs) integrated with Tb3+ for the detection of mercury (Hg) was
developed by Qi et al [55]. Tb3+’s unique spectral fingerprint with four peaks arising from different
electron transitions makes possible the use of a ratiometric probe in which one peak displays a response
while another remains constant thus allowing for correction in natural signal variances. In this study, it
was found that the peak at 666nm was quenched by the presence of Hg while the signal at 546nm
remained constant. This method was also made into a hand-held sensor by embedding the probe into
filter paper. Upon irradiation with UV-light, the paper will change colors from red to green in the
presence of Hg in a biological sample. Several multichannel sensors arising from fluorescent ligands
paired with Tb (III) have also been reported [56,57]. Cai et al report a water-soluble Tb3+ coordination
polymer capable of detecting Iron (III) at the ppb level. As Fe (III) is added to the solution the ligand’s
emission increases in the 300-450nm range while Tb3+’s decreases. Ye at al report a sensor in which Tb3+
is incorporated into a three-dimensional metal organic framework (MOF) for the detection of the uranyl
ion (UO2 2+). In solution, the Tb3+ fluorescence was quenched while the anionic framework of the MOF
exhibited increase fluorescence emission in the presence of UO2 2+ ions. This sensor exhibited excellent
selectivity in the presence of other cations and has the added benefit of being a dual-channel
measurement. Hypochlorite (ClO-) was detected via terbium complexed to a benzoimadazole compound
encapsulated in trimethoxy silane [58]. This sensor also relied on the ability of the analyte to selectively
quench the Tb3+ signal. This method achieved a LOD just below the ppb range for ClO -.
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Terbium-based Phosphate Sensors
The link between phosphate concentration in water and eutrophication events has caused
methods for portable, on-site phosphate detection to be a popular discussion in scientific literature.
Chemosensors are an attractive alternative to conventional laboratory methods because portable
fluorescence detectors are relatively sensitive, low-cost, and commercially available. Several Tb3+ based
sensors for the detection of phosphate have been developed in recent years most of which rely on the
static quenching of Tb3+. A Tb3+-based coordination polymer was found to be quenched in the presence
of halogens, phosphate, and phosphate-containing compounds [59]. While this sensor boasts stability
over a wide pH range, it has poor selectivity and detection limits. Matejka et al also developed a timeresolved sensor based on static quenching of the Tb3+ signal [60]. They complexed a quinolone-based
ligand to Tb (III) and added the surfactant Triton X-100 to further remove water molecules from the
coordination sphere; this was found to cause a two-fold increase in luminescent intensity. Static
quenching gave a LOD for phosphate in the ppb range but several anions and cations including copper,
cobalt, acetate, fluoride, and ATP were found to cause interferences. Wang et al used a salicylic acid
ligand to selectively recognize phosphate anions and phosphate-containing compounds [61]. The
salicylic acid ligands act as an antenna to allow for excitation at higher wavelengths; this reduces
background matrix fluorescence. As Pi ions become incorporated into the coordination sphere, Tb3+
fluorescence is statically quenched due to inhibition of the antenna effect from the salicylic acid ligands.
Tables 1 lists the LODs and LDR’s of Pi detection methods based on the PAMB method as well as
electrochemical and other instrumental methods discussed in this chapter. Table 2 lists the LODs and
LDRs of detection methods based on fluorescent chemosensors.
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Table 1. LODs and LDRs reported for different phosphate detection methods based on the PAMB method, variations
of the PAMB method, and instrumental methods.

Author, year
Kaur, 2013
Gissawong, 2017
Asaoka, 2014
Zaporozhets, 2007
Afkhami, 2007

Reference Method(s)

LOD (ppb)

LDR (ppb)

16
17
18
19
20

EBP/UV-vis
LDH extraction/UV-vis
SPE/HPLC/UV-vis
SPE/UV-vis
TritonX414
extraction/UV-vis
Ionpairing/filtration/UV-vis
Evaporation/ion-paring
Ion
pairing/fluorescence
UV-vis
Cobalt micro electrode
Microfluidic
chip/microelectrode
Mo-based ion selective
electrode
VM/CCD
CuMAPc electrode
LC-ICP
IEC/ICP-MS
IC/ICP-MS

500
5
0.150
5.84
1.54

--5-200
0.150-100
5.84-381
3.07-384

0.189

0.189-59.9

1.9x10-5
0.950

-0.950-293

15.3
950
51.3

42.9-2,450
950-9.5x106
285-5,700

180

950-9.5x106

52
0.01
1.54
6.13
0.7

--0.379-9.5x105
----0.7-400

IEC/SF-ICP-MS
GC-FPD

0.57
0.307

---

Motomizu, 1995 21
Sabarudin, 2003 22
Motomizu, 1995 23
Duffy, 2017 24
Bai, 2012 28
Bai, 2014 29
Li, 2016 30
Neves, 1982
Abbas, 2016
Morita, 1981
Yang, 2001
Guo, 2005

31
32
33
34
35

Yang, 2014 36
Hashimoto, 1987 37
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Table 2. LODs and LDRs reported for Pi detection methods utilizing fluorescent chemosensors.

Author, year Reference
Song, 2015 40
Zhuo, 2016 41
Xiao, 2016 42
Zhao, 2013 43
Xu. 2015 44
Song, 2017 45
Cao, 2015 46
Saeed, 2010
Liu, 2013
Matejka, 2010
Wang, 2015

47
48
60
61

Method

LOD (ppb)

LDR (ppb)

QD aggregation
QD
aggregation/displacement
QD
aggregation/displacement
MOF/QD
aggregation/displacement
MOF/QD displacement
ICP-NS quenching
Cu-NC
aggregation/displacement
Organic chemosensor
Organic chemosensor
Tb-ligand chemosensor
Tb-ligand chemosensor

18.9
9.49

18.9-4750
95-1140

5.31

6.49-15200

5.03

47.5-1140

95
79
0.91

95-9500

94971
4470
10.4
38.0

----47.40-475
---

6.65-7600

Background and Previous Works
The phosphate sensor developed in our lab is based on Fluorescence Resonance Energy Transfer
(FRET) [62]. This technique involves a mechanism in which the energy of the emitting donor is
transferred via non-radiative dipole-dipole interactions to an acceptor. Three primary conditions must
be met for efficient occurrence of energy transfer: (1) donor and acceptor molecules must be in close
proximity (10-100 Å); (2) the absorption spectrum of the acceptor must overlap the emission spectrum
of the donor; and (3) donor and acceptor transition dipole orientations must be approximately parallel.
Within a 10-100 Å range, the efficiency of FRET (E) is inversely proportional to the distance (r) between
the donor (fluorophore) and the acceptor (quencher): E = 1/1+(r/R 0 )6 where R 0 is the Fȍrster distance of
the donor acceptor pair; i.e. the distance at which the energy transfer efficiency is 50% [63]. R 0 depends
on the overlap integral of the donor emission spectrum with the acceptor absorption spectrum and their
mutual molecular orientation: R 0 6 = (9 ln10 / 128p5 NA) (k2 QD J / n4 ) where QD is the emission quantum
yield of the donor in the absence of the acceptor, k2 is the dipole orientation factor, n is the refractive
index of the medium, NA is the Avogadro’s number, and J is the overlap integral between the emission
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spectrum of the donor and the absorption spectrum of the acceptor [64]. During the process of energy
transfer, the proximity between the donor and the acceptor reduces the quantum yield of the donor’s
emission. When the distance increases, the intensity of emission is restored effectively.
The luminescence donor chosen for our studies was terbium-ethylenediaminetetraacetic acid
complex (Tb-EDTA). As previously mentioned, the long-lived luminescence of the lanthanide ion, which
occurs in the milliseconds time domain, made it possible to time-discriminate against short-lived
background fluorescence and scattered excitation light with rather simple, off-the-shelve, commercial
instrumentation. Since the lanthanide ion emission results from shielded electronic transitions within
the f-orbital manifold, the luminescence intensity of Tb3+ was less susceptible to oxygen quenching than
traditional fluorescent dyes [65-71].
Gold nanoparticles (AuNPs) capped with cetyltrimethylammonium bromide (CTAB) played the
role of the acceptor. CTAB is an amine based cationic quaternary surfactant often used to avoid
aggregation of Au NPs in aqueous solution via electrostatic repulsion. The strong chemical affinity of
CTAB molecules for phosphate ions makes them highly selective receptors in the presence of other
inorganic ions [72,73,78]. The hydrophilic and electrostatic interactions between Tb-EDTA ions and the
positive CTAB charges on the surface of AuNPs provided the close proximity between donor and
acceptor for FRET to occur and quenched the luminescence of Tb-EDTA (sensor off). The strong affinity
that exists among phosphate ions and CTAB causes Pi to act as an anion bridge between AuNPs causing
them to aggregate and precipitate out of solution. As a result, the Tb-EDTA luminescence is restored
(sensor on).
Although individual elements of our approach had been anticipated previously, the optimal
combination of these features had not been realized for their practical and straightforward
implementation. The main significant aspect of our proposition was the way we integrated all these
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features together. The first application of the developed sensor targeted the analysis of phosphate ions
in urine samples. Determination of Pi in human urine plays an important role in clinical diagnosis of
various anomalies, including bone, kidney or glandular diseases as well as alcoholism or vitamin
deficiency [74-77]. Clinical analysis of Pi in urine samples is often based on a modification of the PAMB
method developed by Daly and Ertingshausen [78]. Measuring the absorbance of the complex at
340/380nm, it is possible to determine inorganic phosphorous at the mM (10-3 M) concentration level.
Lower concentration levels (10-6 M – 10-4 M) can be reached with a variety of analytical approaches [79],
including photometric [80], spectrophotometric [81], ion chromatographic [82] methods, fluorimetric
[83] assays and bio-sensing approaches coupled to either amperometric [84] or fluorescence [85]
detection modes.
Our sensing approach was able to accurately determine M (10-6 M) amounts of Pi in urine with
minimum sample preparation steps. The direct determination of Pi at micro-molar concentrations was
possible with no need of sample pre-concentration steps. Sample preparation consisted of a two-cycle
urine filtration step followed by a 10 min urine-sensor mixing step. Considering the possibility to mix
simultaneously numerous samples with different aliquots of the sensing solution, total analysis time was
practically reduced to the measuring step in the spectrofluorimeter. Quantitative analysis based on a
total of four standard additions took no longer than 5 min per sample. Since ten urine samples were
mixed in parallel with ten aliquots of sensing solution, total analysis time took less than 10 min per
sample [62].
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CHAPTER 2: APPLICATION OF THE DEVELOPED PHOSPHATE
SENSOR TO THE ANALYSIS OF Pi IN WATER SAMPLES

Phosphor Species Common in Environmental and Tap water
Because of its highly reactive nature, phosphorus is never found in its elemental form in the
natural world. It exists mainly in rock form, namely apatite, which is a group of phosphate minerals with
the general formula Ca10 (PO4 )6 (X)2 where X can represent hydroxide, fluoride, or chloride [86]. As the
rock is broken down via natural processes Pi is released as its most common form, orthophosphate (Pi).
Bioavailable phosphorus is defined as phosphours that is immediately available for plant uptake. Studies
have confirmed that Pi in any of its protonation states is the only source of bioavailable phosphorus for
planktonic algae and bacteria uptake [87]. For this reason, we are only interested in determining the
amount of Pi in environmental samples and must exclude other phosphorus forms. While
orthophosphate is the most common form of phosphorus found in environmental water samples, it can
also occur as polyphosphates and organically bound phosphate.

Polyphosphates such as sodium hexametaphosphate (SHMP) and pyrophosphate (PP) are
commonly added to municipal water sources as a water softener to prevent scale formation; they also
prevent trivalent iron (Fe) and manganese (Mn) from forming colored insoluble precipitates which affect
drinking water clarity and taste. Typically, a concentration range of 2-4ppm is sufficient to prevent scale
and precipitate formation [88,89]. Perhaps most importantly, Pi and its various forms prevent lead and
copper from leaching into drinking water via dated piping and welds [90,91]. Very low concentrations of
Pi react with lead and copper as well as hardness ions calcium and magnesium to form a coating on the
surface of metal piping that prevents further leaching of lead or copper into water [88]. Polyphosphates
are also used in deflocculation. Flocculation is a process in which particles less than 10 microns in size
aggregate and form hard deposits due to slight positive or negative surface charges. Polyphosphates are
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added to coat these particles causing them to repel each other preventing them from depositing or
settling in standing water [91]. By this same process, Pi is able to remove already formed scale in
addition to preventing its growth. Another benefit of using phosphates and polyphosphates in water
systems is their low reactivity with inorganic compounds and disinfection byproducts typically found in
municipal waters. Ortho- and polyphosphates are stable in the presence of chlorine at concentrations
typically found in drinking water and neither one alters the effectiveness of the other. Additionally,
chlorination was found to cause no chemical changes to Fe or Mn sequestered by polyphosphates
[88,89]. Linear and metaphosphates are hydrolyzed in aqueous media to form shorter chains and
orthophosphate. This process is extremely slow at 20 oC and pH of 7, but is sped up by higher
temperatures and acidic conditions [88,89]. Polyphosphates are also capable of chelating heavy metals
that catalyze chlorine decomposition [89]. Polyphosphate maximum use levels are in the ppm range and
are designated by the National Sanitation Foundation (NSF).

Organically bound phosphates can appear in a variety of forms in environmental water samples
in form of phytic acid in plant tissue and other organophosphorus compounds found in waste solids and
agricultural runoff [92,93]. Phosphorus plays an important biological role in many organophosphorus
compounds such as adenosine triphosphate (ATP) but these compounds are not typically found in
environmental or drinking water samples in any quantifiable amount. The term organophosphates is
used broadly by the EPA and other government agencies to designate compounds found in insecticides
and herbicides that make up 50% of their active ingredients [94]. Many of these organophosphates exist
as thiophosphoric acid esters; table 3 depicts several commonly used organophosphate compounds that
are commonly used as pesticides and herbicides in the US. Because of their widespread use in
agriculture, these compounds will inevitably find their way into environmental water samples as
agricultural runoff in the same fashion as Pi added for fertilization. Organically bound Pi can also occur in
the form of chelates with humic and fluvic acids. Humic acids are a broad class of compounds which are
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the major organic constituents of soil. Generally, they are comprised of an aromatic core structure with
multiple phenolic and carboxylic functional groups. Fulvic acids are another main organic component of
soil but are more soluble in water and have lower molecular masses [95]. Both are known to form
strong chelation complexes with Pi [96,97]. Finally, phosphorus is a large component of fecal matter and
exists largely in bioavailable forms as well as organic phosphates such as phoshpoesters and
phosphonates [98]. While these can be broken down into bioavailable forms via enzymatic activity, only
Pi is available for direct biological uptake.

While great lengths are taken to remove organics from drinking water, these compounds are
commonly found in environmental water samples which are the focus of this dissertation. It is likely that
organophosphates will interfere with our sensor due to the chemical similarities of their phospho-ester
bonds to Pi. Many herbicides, pesticides, and humics have highly conjugated aromatic rings giving them
potential to be fluorescently active which will interfere with the Tb3+ fluorescent signal. Additionally, the
presence of humic or fulvic acids will limit the availability of Pi in the environmental sample to interact
with our sensor as well as chelate additional Pi added through standard additions. For these reasons, it
is necessary to remove organics from the sample matrix prior to analysis with our sensor. Failure to do
so results in inaccurate readings resulting in a calculated Pi concentration much higher than that of the
true value. Several methods of extracting these organics without removing any Pi are investigated and
discussed.

Clean-up and Preconcentration Methods for the Analysis of Phosphates
Sample preparation prior to analysis is necessary for any colorimetric or fluorescent analytical
method for the determination of Pi. Suspended solids are common in environmental water samples and
will absorb and scatter light which leads to inaccurate readings. Filtration of a water sample with a
membrane filter is required by the EPA at the time of sampling [99] prior to analysis via an EPA22

approved method such as ion chromatography or the PAMB method. As new methods of Pi sensing are
being discovered, it is necessary to implement sample clean-up procedures that ensure interferences
are not present. However, a discussion of how to overcome organic and organophosphate interferences
are largely absent in the literature. Many of the fluorescent chemosensor detection methods mentioned
in Chapter 1 either do not perform analyses on real water samples [44,45,47,48,61] or perform analyses
on tap/drinking water samples which have a significantly reduced presence of interferences [40,43].
Interference studies performed in these reports mainly involve anions and cations and do not assess the
possibility of organic interferences. Studies which did perform analysis on environmental water samples
[41,42,46] did not report any sample preparation steps prior to analysis other than filtration through a
membrane filter, nor did they address potential interferences from organics. Matejka et al [60]
acknowledge interferences by oxalate, tartaric acid, and carbonate on their Tb3+ based sensor. They
propose decarbonization to remove carbonate but do not propose or implement a clean-up step to
remove tartaric acid or oxalate. Xiao et al [41] acknowledge the positive interference caused by
organophosphates on their QD sensing system due to a similar binding affinity for Eu 3+ as Pi but state
that these can generally be ignored since Pi is the dominant species in environmental waters. The
agricultural water samples analyzed for this study likely contain several organophosphate compounds
from herbicides and pesticides which must be removed prior to analysis. Improved sample clean-up
procedures will broaden the application of fluorescent chemosensors to the detection of Pi in complex
environmental water samples. Luminescence lifetime experiments (LLE) are an very reliable way of
determining if a compound present in a sample is interacting with the coordination sphere of Tb3+
[54,62,100]. Other sample preparation methods such as preconcentration of Pi prior to analysis via SPE,
micelle mediated extraction, and evaporation were discussed in Chapter 1 [17-23,37].
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Table 3. Commonly used organophosphate herbicides and pesticides.

Common
name

Structure

Uses

Malathion

Agriculture pesticide,
residential landscaping
pesticide, public pest
control

Diazonin

Agriculture pesticide

Naled

Mosquito control,
agriculture pesticide

Fenitrothion

Agriculture pesticide,
residential landscaping
pesticide, public pest
control

Glyphosphate

Residential and
agricultural herbicide

Merphos

Agricultural herbicide
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Experimental
Chemicals and Reagents
Nanopure water from a Barnstead Nanopure Infinity water purifier with a resistance of 18Ω was
used throughout all experiments. All the reagents and solvents were purchased at their highest available
purity and used without further purification. Chloroauric acid (HauCL 4 ) 1%w/v solution was purchased
from Medix. EDTA, terbium(III) chloride hexahydrate (TbCl3 •6H2 O), CTAB, anhydrous trisodium
phosphate (Na3 PO4 ), and NaBH4 were purchased from Sigma Aldrich. Ascorbic acid and chloroform
(CHCl3 ) were purchased from Fisher. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
was purchased from Acros. Nylon syringe filters with a 0.m pore size were purchased from Whatman.
Polyproylene filters with a 0.m pore size were purchased from VWR international. Carbon-18 (C18)
and silica SPE cartridges were purchased from Sep-pak. HLB SPE cartridges were purchased from Waters.

Synthesis of AuNPs
AuNPs were synthesized according to the seed-mediated growth method first reported by
Nikoobakht [101] with some modifications. A seed solution was first prepared by adding 1mL of 0.2M
CTAB solution as well as 1mL of 0.0005M HAuCl4 to a 10mL beaker. The beaker was gently heated (30oC)
on a hot plate to keep the CTAB from precipitating out of solution. 60uL of ice cold NaBH4 was then
added to the beaker and stirred gently with a magnetic stir bar causing the seed solution to change
colors from yellow to brown. A growth solution was made by adding 5uL of 0.2M CTAB and 5mL of
0.001M HAuCl4 to a separate 10mL beaker and heating gently on the hotplate as before. To this solution
70uL of freshly prepared 0.788M Ascorbic Acid was added and stirred manually causing the solution to
change colors from bright yellow to clear. 15uL of the seed solution was then transferred to the growth
solution and stirred manually for 10 seconds and then left to sit for about 15-20 minutes. During this
time, the growth solution would change colors from clear to a deep purple. It was then removed from
the heat source and stored for later use.
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Centrifugation was used to remove excess CTAB. Prior to centrifugation, the AuNP solution must
be gently heated once again so that all precipitated CTAB is dissolved and the solution is homogenous.
The AuNP solution was added in 1mL aliquots to 1.5mL centrifuge tubes and centrifuged at 13,400rpms
for 20 minutes. After the first centrifuge 800uL of the supernatant was removed and replaced with
800uL of nanopure H 2 O and then centrifuged again as before. After the second centrifuge, 900uL of the
supernatant was removed, replaced with 900uL of nanopure H 2 O and centrifuged for a third time. After
the third centrifuge, 900uL of supernatant was removed and then replaced with 450uL of nanopure H 2 O.

Characterization of AuNPs
The centrifuged AuNPs were analyzed via UV-vis absorption spectroscopy by mixing 250uL of
2.5mM HEPES buffer with 250uL of centrifuged AuNPs. The particle size distribution of the synthetized
AuNPs was monitored via light scattering measurements using a Zetasizer Nano ZS9 instrument
purchased from Malvern. The synthetized nanoparticles were stable at room temperature and could be
stored for several months without aggregating.

Filtration of water samples
Filtration was carried out with the nylon and polypropylene (ppl) syringe filters according
to the following procedure. A volume of 10mLs of 1147ppm Pi standard solution in 2.5mM HEPES buffer
was drawn into a syringe and filtered through a nylon filter. The eluent was collected in a clean vial. This
process was repeated with the same standard solution filtered through a polypropylene filter and
collected in a separate vial. Each eluent was added in 10uL aliquots to different cuvettes each containing
250uL of centrifuged AuNPs and 250uL of 2.5mM HEPES buffer. The cuvettes were shaken at 1,000rpm
for 10 minutes and then analyzed on a UV-vis spectrophotometer.

Liquid-Liquid Extraction and Solid Phase Extraction of Water Samples
Solid phase extractions for the three types of cartridges were carried out using a vacuum
chamber to pull solutions through the cartridge and into a clean vial. Each type of cartridge was first
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prepped by passing through 5mLs of methanol followed by 10mLs of water. A volume of 5mLs of
1147ppm Pi in 2.5mM HEPES buffer was then passed through the SPE and collected separately. The
fluorescence of the eluent was then recorded from 400-650nm with an excitation wavelength of 335nm.
The used SPE cartridge was discarded and the eluent passed through a second and third cartridge and
the fluorescence of the eluent measured after each extraction. This process was repeated for all three
cartridge types.

Instrumentation for UV-vis Absorption Spectroscopy
Absorbance measurements were made with a double-beam Cary 50 spectrometer equipped
with a 75-W pulsed Xenon lamp (spectral radiance from 190 to 1100 nm), a 1.5-nm fixed optical bandpass, a monochromator with a 24000 nm/min maximum scan rate, a beam-splitter, and two silicon
photodiode detectors.

Instrumentation for Photoluminescence Measurements
Collection of excitation and emission spectra was carried out with a commercial
spectrofluorimeter (Photon Technologies International) using microliter volume quartz cuvettes. All
measurements were made at a 90o configuration. No sample de-oxygenation was attempted. For
steady state (SS) measurements, the excitation source was a continuous wave 75 W Xenon lamp with
broadband illumination from 200nm to 1,000nm. Detection was made with a photomultiplier tube
with wavelength range from 185-650nm. For time-resolved (TR) measurements, the excitation source
was a pulsed 75 W Xenon lamp (wavelength range from 200 -2,000nm), variable repetition rate from 0100 pulses per second, and a pulse width of approximately s. Detection was made with a gated
analog photomultiplier tube (PMT, Model 1527). Its spectral response extended from 185 to 900 nm.
SS and TR spectra were collected with excitation and emission monochromators having the same
reciprocal linear dispersion (4nm.mm-1 ) and accuracy (±1nm with 0.25nm resolution). Their 1200
grooves/mm gratings were blazed at 300 and 400nm, respectively. The instrument was computer
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controlled using commercial software specifically designed for the system.

Results and Discussion
UV-vis Absorption Spectra and Size Distribution of Au NPs
The synthetized nanoparticles were stable at room temperature and could be stored for several months
without aggregating. A typical absorption spectrum is shown in Figure 4a. Each synthetized batch of
AuNPs had an approximate optical density of 1.5AU (absorbance units) and a single maximum SPR
wavelength around 532 nm. The presence of only one SPR peak is indicative of the spherical shape of
the synthetized nanoparticles. The size distribution of the nanoparticles was also analyzed via a
zetasizer and was found to be in the range of around 52 nm which is consistent with the observed SPR
peak at 532nm [102,103]. The zetasizer results are shown in Figure 4b.
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Figure 4 a. Typical absorption spectra of AuNPs in 2.5mM HEPES b. a typical size distribution plot recorded from
a synthetized batch of Au NPs

Filtration of Water Samples
Water samples were filtered to remove the presence of suspended solids. Solid particulate is
known to interfere with optical measurement due to scattering of excitation and/or emitted radiation.
Both type of filters - i.e. propylene and nylon filters - showed equivalent capabilities for removing
particulate matter. Possible Pi losses due to filtration were investigated by monitoring the aggregation
of AuNPs as a function of Pi concentration in the eluent of a filtered Pi standard solution. As shown in
Figure 5, the addition of Pi to a solution of Au NPs causes a red shift in the maximum SPR wavelength of
29

the Au NPs as well as a reduction in the optical density of the solution. The red shift can be attributed to
the gold nanoparticles aggregating to form conglomerates with a larger diameter and therefore a longer
SPR wavelength. The reduction in optical density can be attributed to aggregates precipitating out of
solution once they reach a size that is too large for them to remain suspended in water.

Figure 5. UV-vis absorption spectra of AuNPs as a function of Pi concentration. All measurements were made in
2.5mM HEPES solution by adding microliters of Pi standard to 500uL

UV-vis absorption spectra of Au NPs as a function of Pi concentration. All measurements were
made in 2.5mM HEPEs solution by adding microliters of Pi standard to 500L of a, AuNP solution.
Filtration experiments were conducted with a 1147ppm Pi standard stock solution prepared in
2.5mM HEPES. 10mL of the Pi standard solution were filtered and 10uL of the filtrate were added to
500L of a AuNPs solution prepared in 2.5mM HEPES. The mixture was shaken for 15 minutes at
1,000rpm and the absorbance was measured. This procedure was repeated three times for each type of
investigated filter. The absorption spectra recorded from the filtrates were then compared t o the
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absorption spectrum recorded from a “control solution” consisting of 10mL of 1147ppm Pi and L of Au
NPs prepared in 2.5mM HEPES. The obtained results are shown in Figure 6a and b.

1.6

a

1.4

AuNps1
1147ppm Pi
1147ppm Pi nylon filtered

Intensity(cps)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
350

400

450

500

550

600

650

700

750

800

850

Wavelength(nm)

1.2

b

AuNPs1
1147 ppm Pi
1147 ppm Pi ppl filtered

Intensity(cps)

1.0

0.8

0.6

0.4

0.2

350

400

450

500

550

600

650

700

750

800

850

Wavelength(nm)

Figure 6 a. Nylon filtered Pi standard solution, b. Polypropylene (ppl) filtered Pi standard solution.
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The maximum SPR wavelengths of the control solution and the filtrates indicate that the Pi
solution that was passed through the nylon filters did not cause as much AuNP aggregation as the
control (unfiltered) Pi solution. On the other end, the polypropylene filters did not retain Pi; i.e. the
redshift caused by the polypropylene filtered standard Pi solution is comparable to that of the control
(unfiltered) Pi standard solution. This is likely due to the largely alkaline nature of the polypropylene
polymer which does not have any hydrogen bond accepting or donating functional groups. Nylon filters
consist of amide bonds which, like Pi, are capable of hydrogen bonding. The lone pairs on the nitrogen
and oxygen components of the polymer chain act as hydrogen bond acceptors while the hydrog en
attached to the nitrogen acts a hydrogen bond donor. The Pi standard solutions were made in 2.5mM
HEPES buffer and therefore have a pH of about 7.4; at this pH the dominant Pi species is H 2 PO4 - which is
capable of hydrogen bond accepting and donating. It can therefore be assumed that some Pi is retained
in the nylon filter due to hydrogen-bonding interaction. Based on these results, all further studies were
performed with polypropylene filters.

Liquid-Liquid Extraction and Solid Phase Extraction of Water Samples
Pi and Tb3+ have chemical affinity for numerous organic compounds often present in
environmental water samples. These include polycyclic aromatic compounds, pesticides, humic and
fulvic substances. In addition to the potential for chemical interference, these chemicals are known to
absorb strongly in the ultraviolet and visible regions of the spectrum. The extensive  electron system in
their molecular moiety provides them with strong fluorescence emission at room temperature that
could cause spectral interference. Their presence in the analytical matrix could also affect the accuracy
of analysis by inner filter effects. These include the attenuation of the terbium signal due to the
absorption of the incident (excitation) light (primary inner filter effect) and/or the absorption of
radiation emitted by the probe (Tb-EDTA-1 ).
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The presence of organic species in the studied samples was then monitored via roomtemperature fluorescence (RTF) spectroscopy. Among the screening techniques that we often use to
monitor the presence of organic pollutants in water samples, we chose room-temperature excitationemission matrix (RT-EEM) spectroscopy. The emission profile of a mixture with numerous fluorescence
components varies with the excitation wavelength. Individual fluorophore contributions to the total
fluorescence spectrum of the sample also depend on the fluorescence quantum yields of the
fluorophores and possible quenching due to synergistic effects. EEMs gather all this information in a
single data format that provides the true signature of the total fluorescence of a sample.
EEMs were recorded within the 200-350 nm (excitation) and 400 – 800 nm (emission) ranges
using 5 and 1nm excitation and emission steps, respectively. Scatter interference from excitation
radiation was avoided with the use of appropriate cut-off filters. The three water samples investigated
in these studies showed EEMs with maximum excitation and emission wavelengths at 335nm and 435
nm, respectively. These maximum wavelengths were then used to monitor the fluorescence of the
water samples before and after extraction. Figure 7 and 8 show two-dimensional fluorescence plots of
the 07A water sample submitted to the LLE and SPE procedures.
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Figure 7. Fluorescence Intensity of 07A water sample as a function of three successive liquid-liquid extractions (Liq
ex 1, Liq ex 2 and Liq ex 3) with CHCl3. Filtered refers to the fluorescence signal of the water sample prior to
liquid-liquid extraction. Blank refers to the fluorescence signal of nanopure water. Fluorescence signals were
monitored at exc/ em = 335/435 nm using a 3nm excitation and emission band-pass.
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Figure 8. Fluorescence Intensity of 07A water sample as a function of three successive solid-phase extractions (SPE
1, SPE2 and SPE3). Filtered refers to the fluorescence signal of the water sample prior to solid -phase extraction.
Blank refers to the fluorescence signal of …? Fluorescence signals were monitored at exc/ em = 335/435 nm
using a 3nm excitation and emission band-pass.

Table 4 compares typical fluorescence intensities of the 07A water sample after the LLE and the
SPE procedures. Three independent repetitions of the LLE and SPE procedures yielded equivalent
experimental results; i.e. no further improvement was observed after two extraction cycles. Since the
same information was obtained with the other two water samples, all further studies were carried out
after two cycles of water extraction.
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Table 4. Fluorescent intensitiesa of the 07A water sample after LLE and SPE.

liquid ex (CHCl3)
SPE (C18)

1st Extraction

2nd Extraction

3rd Extraction

273291 ±1144
236482±2512

105642±859
156948±406

102372±775
144828±1931

a

= Each intensity value is the average of three intensities recorded after independent extractions of three aliquots of
water sample.

Comparison of the fluorescence intensities in Table 4 indicates that the LLE procedure removes a
larger fraction of fluorescence concomitants from the water sample than the SPE procedure. This is
probably due to the polar nature of the organic compounds in the water samples. A polar organic
solvent such as CHCl3 is probably better than a C-18 sorbent for their extraction.
Considering LLE as the method of choice for all further studies, we investigated possible Pi losses
due to the LLE procedure. Aggregation experiments were then performed similar to those previously
described for the filtration step. The obtained results are shown in Figure 9 and are similar to those
observed with the polypropylene filters, indicating that CHCl3 does not remove any Pi. This observation
is in good agreement with the fact that CHCl3 is not capable to form hydrogen bonding with Pi.

36

liq/liq extraction

1.6

AuNPs
11447ppm Pi
1147ppm Pi extracted

1.4

Intensity(cps)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
350

400

450

500

550

600

650

Wavelength(nm)

Figure 9. CHCl 3 extracted Pi standard solution.
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CHAPTER 3: CHARACTERIZATION OF THE LUMINESCENCE PROBE
FOR ANALYTICAL USE

Introduction
Pi is only detected upon releasing of Tb-EDTA into the sample matrix. Therefore, the capability
of sensing of low concentrations of Pi depends on our ability to measure luminescence signals from low
concentrations of Tb3+ in water samples. Upon coordination of O-H groups from water molecules,
efficient non-radiative deactivation of the excited 5 D4 level of Tb3+ takes place via weak vibronic coupling
with the vibrational states of the O-H oscillators. Since the O-H oscillators act independently, the overall
effect on the rate of radiation-less deactivation is proportional to the number of O-H oscillators in the
inner coordination sphere of Tb3+ [54].
One possible way to enhance the luminescence of Tb3+ is to promote chemical interaction with a
chelating agent capable to remove water molecules from its coordination sphere. If the O-H oscillators
of the water molecules are replaced by lower frequency oscillators present in the chelating agent, the
vibronic deactivation pathway becomes much less efficient. As a result, the luminescence signal of Tb 3+
is enhanced, and the lifetime of its excited state becomes longer [54]. As previously mentioned, Tb3+
probes with rather long luminescence lifetimes are a good match to time-resolved techniques, which
discriminate against short lived background fluorescence and scattered excitation light.
The luminescence lifetime of Tb3+ can be strongly affected by the surrounding of the ion.
Vibronic coupling with the O-H oscillators of coordinated water molecules provides an easy path for
the radiationless depopulation of these levels. Since the rate of depopulation of the 5 D 4 level is directly
proportional to the number of coordinated water molecules, the measurement of Tb3+ lifetime
provides information on the number of coordinated water molecules [54].
Several processes contribute to the de-excitation of an excited-state ion. The reciprocal of
the excited-state lifetime (-1obs) is the sum of individual rate constants of all the de-excitation
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processes. In aqueous solution, it can be expressed as:

 -1obs = -1 nat + -1 OH- +  -1 nonrad
where -1 nat is the natural rate constant for the emission of photons, -1 OH is the rate constant of the
non-radiative energy transfer to the O-H oscillators in the first coordination sphere, and -1 nonrad
represents the rate constant of non-radiative energy loss by all other pathways.
For Tb3+, the value of -1OH is greater than the other rate constant values. Replacement of the O-H
oscillators by O-D ones in deuterated media, makes the vibronic coupling of the5 D 0 and 5 D0 levels to the
O-D oscillators much less efficient. As a result, the luminescence lifetime of the excited state becomes
longer. In H2O-deuterium oxide (D2O) mixtures, -1 obs varies linearly with the mole fraction of H2O. The
difference in the effects of H2 O and D 2 O upon luminescence lifetimes provides information on the number
of water molecules coordinated to Tb3+. This number can be calculated with the equation q = ALN(H2O-1 –
D2O-1 ) where q is the number of water molecules in the first coordination sphere of the lanthanide ion,
ALN is a proportionality constant (4.2 for Tb3+), and H2O and H2O are the luminescence lifetimes of the
lanthanide ion in H2 O and D2 O, respectively.

Experimental
Chemicals and Reagents
Nanopure water from a Barnstead Nanopure Infinity water purifier with a resistance of 18Ω was
used throughout all experiments. Sodium chloride, sodium sulfate, trisodium phosphate, and deuterium
oxide (99.9 atom% D) were purchased from Sigma Aldrich.

Instrumentation for Lifetime Measurements
Lifetime, signal intensities and excitation and emission spectra were obtained with the
instrumentation previously described in Chapter 2 of this dissertation.
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Results and Discussion
Number of Water Molecules Coordinated to Tb-EDTA
Upon interaction with EDTA-4 , the maximum luminescence signal of Tb3+ is obtained at a 1:1
EDTA-4 :Tb3+ molar ratio (see Figure 10a). The excitation and time-resolved emission spectra of the
complex at the 1:1 EDTA/Tb3+ molar ratio is shown in Figure 10b. A delay time of 250s was sufficient to
time discriminate the fluorescence background of the HEPES solution. A gate time of 9ms provided the
best signal to background ratio under a reasonable time for spectral acquisition. An integration time of
5000s was found to be optimal since longer integration times did not yield any further fluorescence
enhancements. All further luminescence measurements were then performed at an excitation
wavelength of 248nm, an emission wavelength of 548nm, and a 250s and a 5000s delay and
integration times, respectively.

a
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Figure 10 a. Luminescence intensity in counts (s-1) of 10 --4M Tb 3+ as a function of EDTA4-/Tb 3+ molar ratio in
HEPES buffer, b. Excitation and time-resolved emission spectra of Excitation emission spectra of 1:1 Tb-EDTA in
2.5mM HEPES buffer. Excitation and emission band-pass values were set at 4 and 3nm respectively.

The plot in Figure 11 shows the effect of H 2 O and D 2 O in the luminescence lifetime of Tb-EDTA.
Lifetime experiments were carried out with Tb-EDTA solutions prepared in aqueous buffer (HEPES) or in
aqueous buffer:D 2 O mixtures containing different volume ratios of H 2 O-D2 O. Comparison of the
experimental lifetime in aqueous buffer (H2O = 1.163 ± 0.0031 ms, n = 3; H2O = 1) to the extrapolated
lifetime value in pure D 2 O (D2O = 4.008 ms) shows the effect of the replacement of O-H oscillators by
the lower frequency O-D oscillators on the coordination sphere of Tb3+. The number of water molecules
(q) bound to Tb3+ in the Tb-EDTA complex was determined with equation. Since Tb3+ can accommodate
up to eight or nine molecules of water in its first coordination sphere, the calculated value of q (2.56)
value is in good agreement with the fact that EDTA coordinates to 6 sites in the first coordination sphere
of Tb3+.
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Figure 11. Reciprocal luminescence lifetime ( -1) in ms-1 of 10 -4 M [Tb-EDTA]-1 as a function of mole fraction of
water ( H2O) in D2O-H2O mixtures in HEPES buffer. Luminescence lifetime measurements were made at exc / em =
248/548nm using a 4/3nm excitation/emission band-pass 20 excitation pulses per data point.

Quenching Effect of AuNPs
The aggregation of Au NPs caused by the addition of Pi into the CTAB-Au NPs solution displaces
Tb-EDTA from the proximities of Au NPs to the extent that FRET does no longer occur. As a result, the
luminescence signal of the donor (Tb-EDTA) increases. The time it takes for the signal of the donor to
reach its maximum intensity depends on the concentration of Pi. For the range of Pi concentrations
tested, the longest time (≈ 15 min) and the shortest (≈ 5 min) times were observed with the 190ppb and
332ppb Pi solutions, respectively. In order to provide enough time for the complete displacement of TbEDTA, all further measurements were made after 15 min of shaking time at 1,000 rpm.
The volume of the AuNP solution needed to reach the maximum quenching of the Tb-EDTA
signal depends on the volume and the concentration of the donor solution. For 50uL of a 10 -4 M TbEDTA, maximum quenching of the luminescence signal was observed with 250uL of a AuNPs solution
with optical density = 1.50AU. The obtained result is shown in Figure 12. Since 200uL of 2.5mM HEPES
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buffer was found to have ample buffering capacity to hold the pH at ~7.4 upon addition of microliter
volumes of environmental water samples, the sensing solution for all further studies was comprised of
50uL of a 10-4 M Tb-EDTA, 250uL of AuNPs solution with optical density 1.5AU and 200uL of 2.5mM
HEPES buffer in nanopure water.
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Figure 12. Time-resolved emission spectrum of 50uL of a 10 -4M Tb-EDTA solution in 200 L of 2.5mM HEPES and
250 L of nanopure water (black trace); and 50uL of a 10 -4M Tb-EDTA solution in 200 L of 2.5mM HEPES and
250 L of a Au NPs solution with optical density=0.70 AU.

Analytical Figures of Merit
A calibration curve was built with external standards consisting of pure phosphate solutions
prepared in HEPES buffer (pH≈7.4). 200 L of each phosphate standard were mixed with the sensing
solution consisting of 250L of AuNPs and 50L of Tb-EDTA. Luminescence measurements were made
after 15 min of mechanical shaking at the maximum excitation (248 nm) and emission (548 nm)
wavelengths of [Tb-EDTA]-1 . All intensities were measured after 20 excitation pulses using a 250s and
9ms delay and gate times, respectively. All measurements were made using an excitation band-pass =
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4nm, an emission band-pass = 3nm and an integration time = 500 s. The obtained results are shown in
Figures 13 and 14. The best straight line among the experimental data points was obtained via the least
squares method [104]. A correlation coefficient (R 2 ) close to unity (r = 0.9923) demonstrated a
satisfactory degree of linear association between phosphate concentration and luminescence signal.
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Figure 13. Calibration curve of sensor response to Pi concentration in the nanopure water.
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Figure 14. Emission spectra of Tb-EDTA recorded each data point of the calibration curve.

The limit of quantitation (LOQ) was equal to 276ppb. It was calculated according to the equation
LOQ = 10sR/m; where sR was the standard deviation of the reference signal and m was the slope of the
linear plot calculated via the least squares method. The limit of detection (LOD) was equal to 83ppb. It
was calculated as 3sR/m. These detection levels are certainly adequate for the analysis of Pi in
environmental water samples [41,42,46].
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CHAPTER 4: ANALYSIS OF ENVIRONMENTAL WATER SAMPLES
Three water samples of known Pi concentration were analyzed with the developed sensor. Two
of the studied samples - namely 06A and 07A - were obtained from Florida Spectrum Environmental
Services. Both samples consist of agricultural water samples with relatively high concentrations of Pi.
The third sample consisted of a waste water sample and it is referred to as BWW. This sample was
obtained from Dr. Melanie Beazley at the Chemistry Department of the University of Central Florida.
According to ion chromatography and potentiometric data provided by Florida Spectrum Environmental
Services, the water sample 07A had the following anion composition: 946.9ppm chloride, 245.5ppm
sulfate and 1548ppm Pi. The anion composition of sample 06A was as follows: 131.2ppm fluoride,
360.2ppm chloride, 146.8ppm sulfate, and 125.1ppm Pi. The analysis of sample BWW via ion
chromatography revealed a Pi concentration of 33.20ppm. Due to their rather large Pi concentrations
and the possibility of sensor saturation, sample 07A and 06A were diluted with nanopure water by a
factor of 5 and 3 respectively. Sample BWW was analyzed as received. All water samples were
submitted to filtration and LLE as previously described.

Interference of Inorganic Ions
Previous work in our lab with urine samples has shown that the presence of NO3 - and CH3 COOin the matrix of analysis does not interfere with the sensor response. On the other end, I - and NO2 - cause
signal quenching while CO3 2- and F- enhance the luminescence intensity of the sensor. The
concentrations of the studied ions were adjusted to reflect typical concentrations in human urine
samples [62]. The potential interference of anionic species often present in environmental waters was
then investigated prior to the analysis of Pi in samples 07A, 06A and BWW.
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Table 5 compares the luminescence lifetime of the probe (Tb-EDTA) in the absence and the
presence of the anions in sample 07A. Each lifetime reported in Table 5 is the average of three
independent lifetime measurements made from three individual aliquots of water sample 07A. Within a
confidence interval of 95% (n1 = n2 = 3), [104] the comparison of the lifetime of the probe in the absence
and the presence of SO4 2- and Cl- showed statistically equivalent results. Although the presence of SO 4 2and Cl- does not appear to interfere with the Tb-EDTA response, the lifetime of the probe in the
presence of the 07A water sample is considerably shorter than all the other lifetimes reported in Table
5. Since the water sample was not submitted to LLE prior to these experiments, it is possible that the
shorter lifetime of the probe is due to the presence of organic compounds in the matrix of analysis.
Table 5. Comparison of Luminescence Lifetimesa of Tb-EDTAb

10-4 M Tb-EDTA-1 matrix

Lifetime (ms)

npH2 O

1303±40

500ppm PO4 3-

1279±54

250ppm SO4 3-

1245±17

900ppm Cl-

1253±25

250ppm SO4 3- + 900ppm Cl-

1260±25

500ppm PO4 3- + 250ppm SO4 3- + 900ppm Cl-

1236±47

Sample 07A (untreated)

914±20

Sample 07A filtered (polypropylene)

960±15

a

b

Luminescence lifetime measurements were performed as previously described. All solutions were prepared in
HEPES buffer, pH = 7.4.

Under this prospective, it is safe to state that the analysis of water samples via the calibration
curve method requires full knowledge of the chemical composition of the matrix of analysis. If one of
the concomitants in the analytical sample is found to interfere with the signal of the sensor, it should be
added to the standards at the appropriate concentration to compensate for its effect on the
luminescence signal of the probe.
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Multiple Standard Addition
In many cases, matching the chemical composition of the matrix of analysis is either impractical
or impossible. The alternative to this problem is to construct the calibration graph using the sample
itself. This is achieved with the multiple standard additions (MSA) method [104]. MSA plots were
constructed as follows: The luminescence signal of the sensing solution was measured in the absence of
water sample. This signal was the average of triplicate measurements and it was considered the blank
signal. Next, 10uL of a pre-treated water sample and 10uL of nanopure water were added to the cuvette
containing the sensing solution. The cuvette was then shaken at 1,000rpms for 15 minutes. After
shaking, the luminescence signal of the mixture was measured in triplicate and its average was plotted
in the MSA graph as the intensity corresponding to zero standard addition (n = 0). The second data point
in the MSA plot corresponded to the luminescence signal of the sensor after one standard addition (n =
1). This data point was obtained with a new sensing solution prepared as previously described which
provided a new blank signal for standard addition n = 1. The signal of standard addition one was
obtained by adding 10uL of the pretreated water sample to the freshly made sensing solution along with
10uL of a Pi standard solution of known concentration. The measured solution was then discarded and
the same process was repeated for two standard additions (n = 2) and three standard additions (n = 3).
The luminescence signals plotted in the MSA graphs corresponded to the blank subtracted signals. The
concentrations of Pi standard plotted in the graphs were corrected for the dilution of the final volumes
of the mixtures in the cuvette. The obtained results are shown in Figures 15-17. The concentrations of Pi
in the analyzed samples are summarized in Table 6. Comparison to the concentrations obtained via
established methodology showed statistically equivalent results (P = 95%) [104].
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Figure 15 a. MSA plot and line equation for sample 07A, b. Sample spectra for each data point and blank.
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Figure 16 a. MSA plot and line equation for sample 06A, b. Sample spectra for each data point and blank.

50

600

y = 138.24x + 176.88

INTENSITY (CPS)

500

400

300

200

100

0
0

0.5

1

1.5

2

2.5

PI CONCENTRATION (PPM)

700

blank
10uL BWW
10uL 28ppm Pi
10uL 57ppm Pi
10uL 114ppm Pi

600

Intensity(cps)

500
400
300
200
100
0
450

500

550

600

650

Wavelength(nm)

Figure 17 a. MSA plot and line equation for BWW sample, b. Sample spectra for each data point and blank.
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Table 6. Comparison of Pi concentrations in environmental water samples.

Water Sample

Sensor (ppm-Pi)

Established Method (ppm Pi)

07A

1422±53.2

1508±12.4

06A
BWW

122.7±23.2
10.88±1.23

125.7±8.97
10.82±0.89
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CHAPTER 5: ENHANCING THE LUMINESCENT SIGNAL OF THE Pi
SENSOR

Introduction
Offsetting the advantage of time-resolved capability and spectral regions with potentially
lower interference for sample excitation is the fact that lanthanide emission is quite weak as a result of
low molar extinction coefficients (in general lower than 1 M-1 cm-1 ). The low magnitude of these
coefficients is because the lanthanide’s absorption involves states of the same f n configuration. This
results in excited states that are not readily populated. Sensitized emission supplies a practical solution
to this setback [52]. The lanthanide ion is sensitized with the aid of a ligand. The ligand incorporates a
chromophore (antenna) which strongly absorbs energy at an appropriate wavelength and transfers its
excitation energy to the metal ion which, in accepting this energy, becomes excited to the emissive
state. If the molar absorption coefficient of the antenna is high and the energy transfer process occurs
efficiently, the “effective” molar absorption coefficient of the metal is greatly increased and intense
luminescence from the lanthanide occurs [51].

The energy transfer process is favored by a short distance between the cation and the
antenna. Two types of processes can be observed: Intramolecular energy transfer takes place when
the antenna is chelated to the lanthanide ion. Intermolecular energy transfer occurs when a nonchelated organic molecule in solution transfers its energy to the lanthanide ion [52]. The schematic
diagram in Figure 18 summarizes the main steps of the energy transfer process. It begins with the
absorption of a photon by the antenna. Upon absorption of electromagnetic radiation (A), the organic
molecule can pass from the ground state to a higher energy excited state (S1, S2). Then the excited
molecule typically releases the extra vibrational energy to reach the lowest vibrational level of the first
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excited state (S1) through vibrational relaxation (VR) [105]. Normally, the excited molecule at this
point has three possibilities: return to the ground state through internal conversion (IC) without the
emission of a photon; by the emission of a photon in a process called fluorescence (F); or undergo an
intersystem crossing (ISC) phenomenon and pass to the triplet state (T) [105]. In the presence of
lanthanides, there are two possibilities of energy transfer from the organic molecule to the lanthanide:
from its singlet state (ET(s)) and from its triplet state (ET(t)) [106]. For the energy transfer process to
be effectively accomplished, parallel radiant and non-radiant transitions should be minimized [51].

Figure 18. Possible energy transfer pathways

The recommended selection criterion for intramolecular energy transfer between an organic
sensitizer and a lanthanide ion is the observation of the fluorescence spectra of the antenna
overlapping the excitation spectra of the lanthanide [105]. Experimentally, the occurrence of energy
transfer (contrasting to direct lanthanide ion excitation) may well be explored by recording a
luminescence excitation spectrum, in which the emission intensity at a given wavelength is monitored
as a function of the excitation wavelength [53]. The selected emission intensity coincides with the
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emission maximum wavelength of the metal (e.g. 545 nm for Tb3+). The resultant excitation spectrum
shows the band or bands responsible for lanthanide luminescence. When exciting the lanthanide at
this excitation wavelength in the absence of the antenna, its luminescence intensity is much lower (if
any) than in the presence of the sensitizer. In this chapter, we evaluate the photoluminescence
properties of 4-AS-Tb-EDTA (Figure 19) for the analysis of Pi in water samples.

Figure 19. Molecular structure of 4-AS-EDTA-Tb.

Experimental
Reagents
4-amino salicylic acid (4-AS) EDTA, porcine esterase (PLE), dibasic sodium phosphate (Na 2 HPO4 ),
TbCl3 •6H2 O, lithium hydroxide (LiOH), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), triethyl
amine (Et3 N),methylene chloride (CH 2 Cl2 ), concentrated sulfuric acid (H 2 SO4 ), CHCl3 , hexane, ethanol
(EtOH), methanol (MeOH), ethyl acetate (EtOAc), and tetrahydrofuran (THF) were purchased from
Sigma. Monobasic potassium phosphate (K2 HPO4 ), magnesium sulfate (MgSO4 ), dimethylformamide
(DMF), diethyl ether, and sodium bicarbonate (NaHCO3 ) were purchased from Fisher.
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Synthesis of the Complex
The synthesis of 4-AS-Tb-EDTA followed a synthetic approach previously reported by Campiglia
and co-workers. [54,69] with some modifications. Figure 20 provides a general overview of the synthetic
scheme adopted for these studies.

Figure 20. Overview of synthetic scheme.

Compound 1
The first step of the synthesis was to ethyl protect all four carboxylic acid groups of the EDTA.
This was done by adding 5.0g of EDTA to a 1,000mL round bottom flask (rbf) along with 200mL of EtOH
and 2mL of concentrated H2 SO4 . The mixture was stirred via magnetic stirring and heated to reflux. After
6 hours of refluxing, NaHCO3 was added to neutralize the acid catalyst. The resulting residue was then
suspended in water and extracted three times with CHCl3 ; the organic layers were combined and
rotovaped to yield 5.1g of 1 (74% yield).
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Figure 21. NMR spectra of 1.

Compound 2
Step 2 of the synthetic procedure was to deprotect a single ethyl group from each EDTA
molecule while leaving the other three intact. This was done by adding 5.1g of ethyl protected EDTA to a
1,000mL rbf and suspending it in 400mL of water. To the suspension, 9.7295g of Na 2 HPO4 , 0.2913g of
KH2 PO4 , and 32.1mg of PLE were added and stirred at room temperature for 8 hours which resulted in a
uniform solution with a yellow tint. The reaction mixture was first washed with hexane and the hexane
layer discarded. The aqueous layer was then extracted with CHCl3 four or five times. During this step a
very frothy emulsion would form making it difficult to separate the layers making it necessary to allow
the layers to separate for an hour or more. The CHCl3 layers were then combined and dried with MgSO4,
filtered, and rotovaped to yield 2.5g of 2 (53% yield).
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Figure 22. NMR spectra of compound 2.

Compound 3
In a 500mL rbf, 3.3 g of 2 was dissolved in 30mLs of CHCl3 . In a separate flask, 1.965g of EDC and
1.48g of 4-AS was dissolved in 40mLs of CHCl3 , 2mLs of Et 3 N, and 9mLs of DMF. The two solutions were
combined and refluxed for 12 hours. The resulting yellow solution was washed with brine and water and
the aqueous layers discarded. The organic layer was rotovaped to yield a white solid which was then
purified via silica column chromatography. A gradient elution was performed starting first with just
CHCl3 and then gradually increasing MeOG up to 10% (Rf value=0.5 in 10%MeOH in CHCl3 ). The purified
product was then rotovaped yielding the product as a yellow oil (1.0g, 25% yield with respect to
consumed 2).
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Figure 23. NMR spectra of comound 3.

Compound 4
In a 20mL rbf 0.15g of 3 was dissolved in a 4/4/8 mixture of THF, CH2 Cl2 , and MeOH. To this
mixture 0.245g of LiOH was added and stirred at room temperature for 48 hours. The reaction mixture
was then rotovaped and dissolved again in EtOH. CH2 Cl2 was then added to precipitate the product as a
white solid (0.10g, 79% yield with respect to consumed 3).
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Figure 24. NMR spectra of compound 4.

Compound 5
In a 10mL rbf, 0.10g of deprotected EDTA was dissolved in 3mL of MeOH and 80mg of
TbCl3 •6H2 O was added. The mixture was then refluxed for 7 hours and the solvent removed under
vacuum. The resulting white solid was washed with cold methanol and diethylether to yield 5.

Instrumentation
Collection of steady-state (SS) and time-resolved (TR) excitation and emission spectra and
luminescence lifetimes was made with the instrumental system previously described in Chapter 2 of this
dissertation.

Results and Discussion
4-AS was chosen as the antenna for Tb3+ because its fluorescence spectrum overlaps the
excitation spectrum of Tb-EDTA (Figure 25). This is a recommended selection criterion for
intramolecular energy transfer between an organic sensitizer and a lanthanide ion [106].
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Figure 25. Overlap of the fluorescence emission of 10 -4 M 4-aminosalicylic acid (4-AS) with the excitation peaks of
10 -5M Tb-EDTA. Excitation and fluorescence spectra of 4As recorded under SS conditions using 4nm excitation and
3 nm emission band-pass at exc / em = 315/431 nm. Excitation and fluorescence spectra of Tb-EDTA recorded under
SS conditions using 6nm excitation and 4nm emission band-pass at exc / em = 315/431 nm.
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Figure 26. Excitation and luminescence spectra of 10 -6 M of 4-AS-Tb-EDTA in 2.5 mM HEPES. Spectra were
recorded under SS conditions using 295 nm excitation and 549 nm emission band-pass at exc /em = 2/3 nm.

As previously noted, Pi ions are only detected with our sensor upon releasing the luminescence
probe into the sample matrix. Therefore, the capability of sensing of low concentrations of Pi ions
depends on our ability to measuring luminescence signals from low concentrations of the probe. Figure
26 shows the TR emission spectrum of the synthetized complex at the 10 -6 M concentration. This
concentration is 2 orders of magnitude lower than the Tb-EDTA concentration previously used with the
Pi sensor. In comparison to Tb-EDTA, the intense luminescence of the synthetized complex should allow
us to detect lower concentrations of Tb3+ in aqueous media and, as a result, improve both the limit of
quantitation (LOQ) and the limit of detection (LOD) of the Pi sensor. The quenching effect due to the
presence of AuNPs (Figure 27) provides a reproducible luminescence signal for analytical use. Since both
limits depend on the standard deviation of the reference signal – i.e. LOQ = 10sR / m and LOD = 3 sR /m the reproducible signal of the antenna in the presence of AuNPs should contribute significantly to
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improving the detection levels of the Pi sensor. Future studies will explore these features for the analysis
of water samples with rather low Pi concentrations.
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Figure 27. TR luminescence spectra of 10 -6M 4-AS-Tb-EDTA in 2.5 mM HEPES in the absence (black trace) and the
presence (red trace) of Au NPs. Instrumental parameters were as follows: exc /em = 295/549 nm, delay time =
s, gate time = 9ms, excitation and emission band-pass: 2 and 3 nm, respectively.

63

CHAPTER 6: CONCLUSIONS AND FUTURE WORK
A portable sensor was developed that is capable of detecting Pi in water samples at
concentration levels that pose a threat to environmental health and safety. The sensing mechanism is
based on the FRET that occurs between Tb-EDTA (donor) and Au NPs (acceptor). In the presence of Pi,
AuNPs aggregate and precipitate out of solution. The aggregation of AuNPs results in the restoration of
the Tb-EDTA signal which can then be correlated to Pi concentration in the matrix of analysis. The
relatively long emission decay of the lanthanide ion allows the analyst to time-discriminate the strong
fluorescence background often present in environmental water samples. This feature provides the
sensor with the ability to detect Pi at the parts-per-billion (ng.mL-1 ) concentration levels. The
luminescence lifetime of Tb-EDTA makes possible to interrogate the sensor for potential chemical
interference in the sample matrix. This is an important feature for the selection of the appropriate
calibration method. Quantitative analysis carried out via the multiple standard additions method
provided accurate determination of Pi concentrations in heavily contaminated water samples. The
simplicity of analysis and the relatively simple instrumentation makes the developed sensor an
attractive alternative for the on-site monitoring of environmental waters.
The synthesis of an antenna for the sensitization of the lanthanide ion and further improvement
of detection levels was successfully accomplished. The antenna incorporated 4-aminosalicylic acid into
the EDTA structure via an imide bond while still preserving the chemical integrity of the EDTA-Tb probe.
The strong bonding between EDTA and Tb3+ assures the physical integrity of the probe in chemically
challenging environments such as those often found in contaminated water samples. In comparison to
EDTA-Tb, the intense luminescence of the synthetized complex allowed us to detect approximately 2
times lower concentrations of Tb3+ with no detriment on the limit of detection. At those concentration
levels, the quenching effect due to the presence of Au NPs still provided a reproducible luminescence
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signal for analytical use. Since the excitation of the antenna occurs at longer wavelengths than the
excitation of Tb-EDTA, lower fluorescence background is expected from analyses with the sensitized
probe. Lower fluorescence backgrounds allow for shorter delay times after the excitation pulse. Shorter
delay times often result in higher luminescence signals and, therefore, better detection levels. Future
studies will explore all these features for the analysis of complex samples with rather low Pi
concentrations.
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